We studied the influence of post-annealing on magnetic and transport properties in Ni 45 Co 5 Mn 36.6 In 13.4 alloys. Our results demonstrate that post-annealing at low temperatures, 300
Introduction
Increasing attention has been given to the magnetoresistance (MR) effect because of extensive applications in magnetoresistive reading heads and related devices. Giant magnetoresistance (GMR) and colossal magnetoresistance (CMR) effects have been discovered in magnetic multilayers and perovskite manganites [1, 2] . Additionally, considerable MR effect was also observed in many intermetallic compounds [3, 4] , particularly for the ones undergoing first-order transitions. Apart from understanding the basic mechanism of the MR effect in different systems, much effort has been concentrated on obtaining a large room-temperature MR considering the practical applications.
The metamagnetic Heusler alloys with exact composition Ni 45 Co 5 Mn 36. 6 In 13.4 are well known for the huge shape memory effect [5, 6] . The underlying mechanism is different from the conventional ferromagnetic Heusler alloys, in which the ferromagnetic shape memory effect results from the field-induced rearrangement of martensite variants. In metamagnetic Heusler alloys, however, an abrupt change in magnetization across the martensitic transition results in a large Zeeman energy µ 0 M · H , which drives a metamagnetic transition behaviour. The co-occurred structural transformation is accompanied with a huge shape memory effect. The incorporation of Co in these alloys enhances the Zeeman energy µ 0 M·H through enlarging the magnetization difference across the martensitic transformation, thus an extremely large stress is generated by magnetic field. The stress output in Ni 45 Co 5 Mn 36.6 In 13.4 can be over 100 MPa under a 7 T field [5] , which is approximately 50 times larger than that in conventional Heusler alloys. Along with fieldinduced metamagnetic behaviours, large magnetocaloric effect (MCE) [7] and magnetoresistance (MR) [8, 9] were also observed in this kind of novel materials. In order to exploit these functions in a wide temperature range, people tune T M arbitrarily while keeping strong metamagentic properties, in the meantime obtaining large MCE, MR and huge shape memory effect.
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Normally the method to tune T M is to adjust valence electron concentration (e/a) through changing the compositions or introducing other elements. However, such a method could bring additional negative effect in some cases. It has been reported that T M not only depends on e/a but also relates to the species of the dopant atom [10] , i.e. atomic mass and radius [11] , due to the strong effect of electron-phonon coupling. Thus, the introduction of dopant atoms sometimes makes the issue complicated when the effect of the alteration of e/a contradicts that of the mean atomic mass and radius variation after the introduction of dopant atoms.
Here, we report a different route to tune T M and the magnetoresistance effect in Ni 45 Co 5 Mn 36.6 In 13.4 alloys. Recent investigations [12, 13] indicated that additional annealing at relatively high temperatures, 350
• C, for the as-prepared Ni-Co-Mn-In metamagnetic alloys, can lead to changes in structure, martensitic transformation and metamagnetic behaviours through influencing atomic ordering. It was noted that T M and metamagnetic behaviour sometimes disappear upon annealing due to the kinetic arrest effect [12] . Recently, we carried out the investigations of low-temperature annealing effect on magnetic properties, martensitic transformation and the magnetoresistance effect. Our studies indicate that proper annealing at low temperatures, 300
• C, can tune T M around room temperature while keeping the strong metamagnetic properties unchanged, thus a large MR effect can be realized over an extended temperature range around room temperature. The as-prepared samples contain stress since they quenched from 1173 K to ice water at the end of preparation. Subsequently annealing even at a low temperature can relax the stress and modify atomic ordering, Mn-Mn distance, as well as lattice symmetry. As a result, the Mn-Mn exchange coupling, Brillouin zone boundary and thus the T M can be changed. Our studies on the low-temperature annealing effect also reveal thermal stabilities of the novel compositions.
Experimental procedure
Ni 45 Co 5 Mn 36.6 In 13.4 alloys were prepared by the arc-melting technique.
The commercial purities of Ni, Mn, Co, In are 99.999 wt%, 99.9 wt%, 99.9 wt% and 99.995 wt%, respectively. The obtained ingots were each wrapped with Ta foil and homogenized in a sealed quartz tube at 1173 K for 24 h, then quenched in ice water. The preparation process is in accord with the report in [5] . The obtained samples are denoted as sample O. Subsequently, the samples were further vacuum annealed for 3 h at 250
• C and 300
• C and then quenched in ice water. The resulting samples are denoted as sample 250 and sample 300, respectively. Our experiments demonstrate that the as-prepared sample is stable. Annealing at temperatures lower than 200
• C cannot cause any changes in structure, transition temperatures and magnetic properties. However, the samples begin to lose stability once the annealing temperature reaches 250
• C, and significant changes in magnetic and transport properties take place. Magnetic and transport measurements were performed using a superconducting quantum interference device (SQUID) Figure 1 . X-ray diffraction patterns collected at room temperature for sample O (fresh sample), sample 250 (annealed at 250
• C for 3 h) and sample 300 (annealed at 300
• C for 3 h).
equipped with a probe for four-point electrical resistance (R) measurements. Figure 1 shows the results of x-ray diffraction (XRD) measurements by using Cu Kα radiation. At room temperature the sample O exhibits a body-centred tetragonal (bct) martensitic structure with admixture of a small amount of body-centred cubic (bcc) austenitic structure, while the other two show bcc austenitic structure with admixture of a small amount of tetragonal martensitic structure. The signals from the martensitic phase in sample 300 is less pronounced in comparison with that in sample 250, indicating a smaller amount of martensitic phase in sample 300. Figure 2 (a) displays the temperature-dependent zerofield-cooled (ZFC) and field-cooled (FC) magnetization measured under a field of 0.02 T for the three samples O, 250 and 300. One can find that the thermo-magnetization curves drop suddenly on cooling and increase drastically on heating, which is indicative of the martensitic and reverse transformation. With subsequent annealing of the sample at 250 and 300
Results and discussion
• C for 3 h, the martensitic transformation temperature T M gradually moves to lower temperatures. It was determined that T M appears at 314 K, 294 K and 283 K for samples O, 250 and 300, respectively, while the thermal hysteresis remains nearly unchanged, ∼10 K. (Here, T M is defined as the temperature corresponding to the maximal slope of the M-T curve under 0.02 T on cooling.) The location of T M indicates that sample O shows the martensitic structure at room temperature, while the other two show the cubic austenitic structure. Due to the lower T M of sample 300, the admixed martensitic structure at room temperature in sample 300 is less pronounced than that in sample 250. All these are consistent with the XRD results (figure 1).
From figure 2(a), one can note that the ZFC curves do not coincide with FC curves below a certain temperature (T f ). The ZFC magnetization shows a maximum at T f while FC magnetization shows a monotonic increase below T f , which may be indicative of a cluster-glass-like magnetic behaviour [10, 14] . Intriguingly, the cluster glass freezing temperature T f increases with increase of the annealing temperature, appearing at 42 K, 47 K and 55 K for samples O, 250 and 300, respectively. The inset of figure 2(a) exhibits the details of M-T curves at low temperatures. One can find the gradual increase of T f with increasing annealing temperature, which may indicate the growth of the ferromagnetic (FM) spin structure [15] . Figure 3 displays magnetic-field-dependent magnetization (M-H curves) measured at 5 K up to a field of 5 T. One can find the magnetization of the martensitic state is enhanced by annealing, verifying the growth of the FM structure with increasing annealing temperature. The magnetization of sample 300 under 5 T (∼18.6 emu g −1 ) is larger than that of sample O (∼15.1 emu g −1 ) by ∼19%. Moreover, the unsaturation of the magnetization up to 5 T field (see figure 3 ) also reflects the cluster-glass-like magnetic behaviour [14] . In a Mn-rich alloy, Mn-Mn antiferromagnetic (AFM) coupling occurs due to the appeared Mn-Mn nearest • C for 3 h) and sample 300 (annealed at 300
neighbours. The frustration of random competing Mn-Mn AFM and FM interactions may lead to cluster-glass-like behaviour. The as-prepared samples contain stress since they quenched from 1173 K to ice water at the end of preparation. Subsequently annealing even at low temperatures may modify the atom site/ordering and favour the FM coupling through relaxing the stress, resulting in an increase in T f and an enhanced magnetization. There are many technical and physical factors that affect the martensitic transition temperature T M . Previous studies indicated that the martensitic transition takes place when the Fermi surface reaches the Brillouin zone boundary [16, 17] . The change in valence electron concentration alters the topology of the Fermi surface and drives the occurrence of structural instabilities. Therefore, modifying e/a is a common way to adjust T M . However, in addition to the effect of e/a on T M , many other factors, such as grain size, stress distribution at phase boundaries and atomic ordering [12] can also affect T M . A recent investigation on ferromagnetic shape memory alloy FePd indicated that T M is dependent on grain size [18] . It was found that T M decreases as the grain size becomes smaller. However, for the present alloy Ni 45 Co 5 Mn 36.6 In 13.4 , scanning electron microscope (SEM) results indicate that the average grain size does not get smaller but remains nearly unchanged upon annealing. Hence, the decrease in T M could not be ascribed to the grain size. The reason may be related to the stress relaxation and atomic order modification. The formed stress during the quenching process was relaxed to some extent depending on the annealing temperature and duration, which may modify atom site/ordering, Mn-Mn distance, as well as lattice symmetry. As a result, the Mn-Mn exchange coupling, Fermi surface and the Brillouin zone boundary may be changed. A proposed origin for martensitic structural transformation comes from the contact between Fermi surface and Brillouin zone boundary. This mechanism is originally invoked for CuAu [19] , but has been supported by comparison in several NiMn-based Heulser systems [16] , such as Ni 2 MnAl, Ni 2 MnGa and Ni 2 Mn 1−x V x . The subtle change of lattice caused by stress relaxation and atomic order modification may alter the Brillouin zone boundary upon annealing. All these combined elements result in a change in martensitic transformation, leading to the decrease in T M . Figure 2 (b) displays the temperature-dependent magnetization under 5 T compared with that under 0.02 T for samples O and 300 (for the sake of clarity, the data of sample 250 were not plotted). Around T M the austenitic state of both samples shows strong ferromagnetism while the martensitic state shows small magnetization under 5 T. These behaviours are very similar to the report in [5] . The magnetization change, M, across martensitic transformation reaches ∼110 emu g −1 , ∼111 emu g −1 and ∼112 emu g As is well known, transport properties of intermetallic compounds are determined by electron-phonon, electronspin, electron-electron and electron-defect scattering. The simultaneous changes in magnetism and structural transformation should be accompanied by a change in transport resistance. Figures 4(a) , (b) and (c) display temperaturedependent resistance under 0 T (R 0 T ) and 5 T (R 5 T ) for samples O, 250, and 300, respectively. The corresponding inset shows the field-dependent resistance at different temperatures. One can note that an abrupt increase in resistance occurs around the martensitic transformation. The origin of the drastic increase in resistance can be related to the variation of the density state (DOS) in the vicinity of the Fermi level. The nature of the low magnetization in the martensitic state remains controversial. Some people believe that it is of the paramagnetic phase [20] , while others think of it as being of a mixture of ferro-and antiferromagnetic phases [21, 22] . A recent neutron-polarization-analysis experiment [23] has detected antiferromagnetic correlations at temperatures lower than T M for some Mn-rich alloys with metamagnetic properties, such as Ni 50 Mn 40 Sb 10 and Ni 50 Mn 37 Sn 13 . Similarly to the materials that undergo antiferromagnetic transition [24] , the formation of superzone boundary gaps may alter the density of the electronic states near the Fermi surface, leading to an enhancement of transport resistance during martensitic transformation. Furthermore, the increased interfacial scattering at the twin-boundaries may also contribute to the drastic increase in resistance upon martensitic transformation. With T M shifting to lower temperature under an external field, a negative MR was observed. Figure 4(d) plots the deduced temperature-dependent MR [(R 5 T − R 0 T )/R 0 T ] under a 5 T field for the three samples. One can note that the maximal MR under 5 T reaches about 67%, 72%, 69% at 306 K, 286 K, 266 K, for samples O, 250, 300, respectively. It indicates that upon simply low-temperature annealing, the temperature, at which MR peaks, can be modulated over a wide range near room temperature while the large magnitude of MR does not drop but slightly increases. Furthermore, from each inset of figures 4(a), (b) and (c), one can find that the MR behaviour is fully reversible for all the three samples. The resistance can return to its original value after a field cycle up to 5 T. This reversible feature of MR is attractive in respect of real applications. Another interesting feature is that little change in electrical resistance is observed under a field of 5 T in the temperature range where the martensitic state prevails for both samples O and 250 (figures 4(a) and (b)), but an obvious drop of resistance appears ( figure 4(c) ) in sample 300. This may be related to the growth of ferromagnetic domains, and the altering of atomic ordering and twin-boundaries caused by stress relaxation, taking into account the relatively higher annealing temperature for sample 300. All these results also demonstrate the fact that the sample starts to lose stabilities as it is heated to 250
• C.
Conclusions
In summary, the effect of low-temperature annealing on metamagnetic properties and MR behaviours was investigated in Ni 45 Co 5 Mn 36.6 In 13.4 alloys. We found that post-annealing at temperatures 300
• C can considerably affect magnetic properties and shift T M to lower temperatures while retaining the strong metamagnetic properties.
Stress relaxation, caused by annealing, may modify atom site/ordering, Mn-Mn distance, as well as lattice symmetry, hence affect martensitic transformation and magnetic properties. The strong metamagnetic behaviour is accompanied with a large MR. By simply adjusting annealing temperature, large MR can take place over a wide temperature range near room temperature. The fully reversible character of MR against magnetic field remains unchanged upon annealing. All these characteristics provide this novel alloy with more innovative applications.
